Physiological and anatomical traits associated with C4 photosynthesis have been well characterized and are known to provide certain physiological and environmental advantages to plants possessing them. Hybridization between plants which exhibit C4 photosynthesis and those which do not is a means of assessing the feasibility of incorporating C4 traits into C3 species through plant breeding. Segregating populations from fertile C3 X C4 hybrids would be useful for studying inheritance of C4 traits and their linkage. The first artificial C3 x C4 hybrids were between the C4 species Atriplex rosea and the C3 species Atriplex patula (2-4). The F, hybrid was intermediate to the parents in several anatomical and biochemical characteristics, but was similar to the C3 parent in
tion produced from an F. brownil x F. linearls F1 hybrid, exhibited bivalent chromosome pairing and high pollen stainability indicating a high degree of fertility in the hybrid. Oxygen inhibition of apparent photosynthesis averaged 6.8% for F. brownll and 22.2%
for the C3-C4 species (in two experiments), and F1 hybrids exhibited inhibitions which were intermediate to their parents. Values of carbon dioxide compensation concentration determined at low irradiance were 4.0, 34.0, and 6.5 microliters per liter for F. brownH, F. Iinearis and their F, hybrid, respectively. The mean value at low irradiance for 33 F1 plants was 6.8 microliters per liter, and individual values ranged only from 3.7 to 11.7 microliters per liter. Anatomical characteristics for the F1 hybrid leaves were intermediate to those of the parents, and there was considerable variation among F2 plants derived from F. brownH x F. linearis. In the F2 population 613C values ranged from -270/ to -200/. The expression of more C4-like characteristics by the F1 hybrids in this study and their apparent high fertility make them promising specimens for producing segregating populations for use in C4 inheritance studies.
Physiological and anatomical traits associated with C4 photosynthesis have been well characterized and are known to provide certain physiological and environmental advantages to plants possessing them. Hybridization between plants which exhibit C4 photosynthesis and those which do not is a means of assessing the feasibility of incorporating C4 traits into C3 species through plant breeding. Segregating populations from fertile C3 X C4 hybrids would be useful for studying inheritance of C4 traits and their linkage. The first artificial C3 x C4 hybrids were between the C4 species Atriplex rosea and the C3 species Atriplex patula (2) (3) (4) . The 02 inhibition of Ap2 and r, and was below both parents in AP. Chromosome pairing was erratic at meiosis and seed set was poor, but a small population of 20 F2 individuals was produced and segregation occurred for several traits including leaf anatomy, phosphoenolpyruvate carboxylase activity, and r.
Hybridization among photosynthetic types has been more successful in the Flaveria genus (5, 8, 9, 14, 17) . Hybrids between the C4 species Flaveria trinervia and three C3-C4 species exhibited photosynthetic traits between those of the parents (5). However, the F1 hybrids were sterile making evaluation of advanced generations impossible. Holaday et aL (13, 14) reported hybrids between the C4-like species Flaveria brownii and Flaveria pringlei (C3). The F, hybrids had reduced r relative to the C3 parent, but 02 inhibition of AP, the initial slope of the CO2 response of AP and Ci/Ca were similar to the C3 parent. Most C4 enzymes in the hybrids had activities slightly higher than the C3 parent except that NADP-malate dehydrogenase was similar in the hybrid and F. brownii. Powell (17) reported a high degree of fertility in hybrids between the C4 species F. brownii and the C3-C4 species F. floridana, F. linearis, and F. oppositifolia, including moderate pollen stainability (36-64%), bivalent chromosome pairing at meiosis, and production of F2 plants. There has, however, been very little biochemical, anatomical or physiological characterization of these fertile hybrids. Cheng et al. (8) Synflorescences were gathered for meiotic analysis between 0800 and 1300 h and fixed in Carnoy's solution. Maturing anthers were dissected from disc florets and squashed in acetocarmine (l1). Pairing behavior of chromosomes was observed in pollen mother cells (microsporocytes) during meiotic metaphase.
Pollen grains were dusted onto slides holding a drop of 'triple pollen stain' (1). This stain produces green cell walls and red cytoplasm in viable pollen, and inviable pollen appears blue. Approximately 3000 grains were examined for each parent and F, hybrid.
Gas Exchange
In all gas exchange measurements, only the first fully expanded leaves were used. AP and transpiration were measured as described earlier (5) . Leaf temperature was maintained at 30 ± 1.5°C and irradiance was 2 mmol quanta m-2 s-' (400-700 nm). The gases used contained 340 to 360 IL L' CO2 and either 210 or 20 mL L' 02 with the balance N2. Depletion of CO2 by CO2 uptake resulted in Ca values of 300 to 320,uL L'. Gases entering the leaf chamber had a dewpoint of 12 to 15°C, and exiting gas had a dewpoint of 16 to 22C. Measurements of each F, hybrid were replicated at least three times in each experiment by measuring separate leaves on the same plant. Measurements ofthe parents were replicated nine times in experiment 1 and 3 to 6 times in experiment 2.
In experiment 1, r was measured as described earlier (5). Leaf temperature was 30 ± 0.5C and irradiance was 2 mmol quanta m-2 s-'. Three replications were performed for each plant. For the F2 population r was measured at 430 ,umol quanta m-2 s-' (400-700 nm) in a temperature-controlled growth chamber using a syringe technique (6) . Temperature in the syringe was maintained at 30 ± 0.5C by adjusting the growth chamber temperature. In addition to 33 F2 plants, r was measured on the parents (F. brownii, 85-250, and F. linearis, , the F, (85-267), and on F. pringeli and F. trinervia as C3 and C4 controls, respectively. Measurements were repeated at least three times.
Leaf Anatomy
Specimens approximately 0.5 cm square were taken from the middle of young, fully expanded leaves and fixed in a formalin-ethanol-acetic acid (FAA) solution. After 24 h the specimens were dehydrated in a graded ethanol series and embedded in 'LR White' acrylic resin (London Resin Co. Ltd.). Cross-sections were cut about 0.5 to 1.0 ,m thick, stained in toluidine blue, and photographed under a light microscope.
Carbon Isotope Analysis
Young, fully expanded leaves were taken from plants of F. brownii (85-250), F. linearis (84-8), their F, hybrid and 31 of the F2 plants on which CO2 exchange was measured. Carbon isotope analysis was done as previously described (7) and reported in 6 units where
The standard used here is the PDB carbonate standard and the precision of isotopic analysis is ±0. (Table I) .
Gas Exchange Experiment 1
Rates of AP at 210 mL L-' 02 were similar in the parent species, F. brownii and F. linearis (Table II) . The mean AP of the eight F, hybrids was 79% of that observed for the C3-C4 parent and 75% of the C4 parent. Values of 02 inhibition were 6.0 and 21.6% in F. brownii and F. linearis, respectively, and ranged from 12.2 to 20.0% with a mean of 16.0% in the F, hybrids. In the F, hybrids, r ranged from 6.4 to 7.7 ML L-' averaging 7.1 AL L-'. The mean value was similar to the C4-like parent (6.8 ML L-'), while the C3-C4 parent value was 15.6 MuL L-1.
Because r for C3-C4 species has been found to increase when measured at low irradiance levels (7), the 33 individuals as the maternal parent. The trend was consistent among the three crosses, and the differences, though small, were statistically significant.
Leaf Anatomy
Light micrographs revealed a Kranz leaf anatomy in F. brownii which is typical ofC4 dicotyledonous plants (Fig. 2C) Fig. 2A . They all possessed moderately differentiated BSC which contained organelles, though not in the high concentration or strict centripetal location as in F. brownii. All three C3-C4 species had a well developed palisade parenchyma.
The F, hybrids all had leafanatomical characteristics which were qualitatively between the parent species (e.g. Fig. 2B ). Compared to the C3-C4 parents, the hybrids had an increased concentration of chloroplasts in the BSC, the bundle sheath itself was more defined, there was increased air space near the abaxial epidermis, and the palisade layer was less developed.
The anatomy of the F2 plants ranged from those with characteristics very much like the intermediate parent F. linearis (e.g. Fig. 2H ) to those which display particular characteristics more resembling F. brownii (Fig. 2 D, E, and G) . None of the 33 F2 plants examined had these traits recombined into the particular configuration of the C4 parent. (Fig. IA) . The value for F. brownii indicates that most of the CO2 fixation is via the C4 pathway, while the 653C value exhibited by F.
linearis is typical of C3 species. The F, plant which generated the F2 population had a 613C value of-24.7%o, slightly nearer F. linearis than F. brownii. The F2 generation exhibited 613C values ranging from -27.3%o to -20.5%o and averaging -24.6 ± 1.7%o (Fig. IA) .
DISCUSSION
A limiting factor in use of previous hybrids between photosynthetic types to study inheritance of C4 traits has been sterility and chromosome instability in advanced generations (2, 5, 13, 14) . The purpose of examining cytology in these species and their hybrids was to determine the possibility of producing advanced hybrid generations that were highly fertile and genetically stable. This condition is necessary if large populations are to be produced and analyzed for trait segre-gation. Results of meiotic analysis agree well with those of Powell (17) who found mostly bivalent pairing with 'occasional pseudoassociations at diakinesis,' 'slight heteromorphisms' and 'occasional laggards' in his hybrids of F. brownii with F. floridana and F. oppositifolia. The only univalents observed in any of the hybrids in our study were seen when cells appeared incipiently anaphasic; the association at this stage suggested that they were early separating homologous chromosomes. We also observed a higher degree of stainable pollen than Powell (17) who found for example, for the F. brownii x F. floridana reciprocals an average of 56% stainable pollen whereas we observed 95%. Finally the high (>50% stainable pollen) fertility in these hybrids was borne out by the ease of production of the F2 population from one of the F. brownii x F. linearis F, hybrids.
Results from this study tend to confirm the close relationship among F. brownii, F. floridana, F. linearis, and F. oppositifolia indicated by Powell (17) . They are all members ofthe [5] [6] oppositifolia. Certainly, F. brownii is much closer to the three C3-C4 species we used in this work than is the C4 species, F. trinervia. Hybrids between F. trinervia and the same C3-C4 species were sterile (5).
Even though C4 photosynthesis is not as completely developed in F. brownii as in F. trinervia (10, 16, 18) characteristics ofC4 metabolism are clearly inherited by hybrids ofF. brownii as judged by 02 inhibition and r. The 02 inhibition of AP for the F. brownii x C3-C4 hybrids in both experiments ranged from 11.4 to 20.0% whereas hybrids involving F. trinervia and the same C3-C4 species ranged from 10 to 17% (5) .
Likewise r at high irradiance ranged from 6.4 to 7.7 AL L' for the F, plants in experiment 1 as compared to 4.5 to 10 AL L`for the F. trinervia x C3-C4 species. Finally, there appeared to be as much development of kranz anatomy in the F. brownii x C3-C4 hybrids as in F. trinervia x C3-C4 hybrids (5) . Thus, use of fully developed C4 species may not be necessary to transfer C4 traits to non-C4 species through breeding.
Although F. linearis, F. floridana, and F. oppositifolia appear to be similar in most morphological and physiological traits, 02 inhibition of AP was significantly lower in F. oppositifolia and its hybrids with F. brownii than in the other C3-C4 species and their hybrids. The lower 02 inhibition of F. oppositifolia and its hybrids with F. trinervia was also observed by Brown et al. (5) . However, in that study other characteristics such as r, leaf anatomy and phosphoenolypyruvate carboxylase activity were not related to the lower 02 inhibition of F. oppositifolia and its hybrids. The variation in 02 inhibition further confirms the variability in photosynthetic characteristics among the C3-C4 species of Flaveria.
There was slightly lower 02 inhibition of AP when F. brownii was the maternal parent in experiment 2. Although small, the effect was significant in the F. linearis and F. floridana hybrids. A similar effect was reported in a reciprocal cross between F. trinervia and F. linearis by Brown et al. (5) . In that case inhibition by atmospheric 02 levels for the C4, C4 X C3-C4, C3-C4 X C4, and C3-C4 plants was 0, 12, 17, and 21%, respectively. This maternal effect may indicate a significant donation or coordination of C4 characteristics by the maternally inherited C4 chloroplast. However, AP tended to be higher when a C3-C4 species was the maternal parent and the tendency was significant although small for F. floridana x F. brownii and F. oppositifolia x F. brownii (Table III) .
The goal of producing large F2 populations from F. brownii X C3-C4 hybrids appears feasible although the one population produced so far was not large. Not all of the seeds produced by that F, plant were planted and fairly large seed quantities were produced from other F, plants and are now being germinated for screening. Variation in leaf anatomy among the F2 plants varied almost to parental extremes, but for r variation was small, though statistically significant (Fig. iB) . In contrast to F2 plants from Atriplex hybrids in which r was nearer the C3 parent, r in our F2 population was near that of the C4-like parent (Fig. IB) .
It appears that screening for C4-like recombinants in these F2 populations will require some other measurement than r at atmospheric O2 levels and high irradiance. Perhaps measurement of AP at Ci levels of approximately 100 ,uL L`or r at elevated O2 levels and low irradiance would separate the F2 plants to a greater degree than observed in this experiment. These conditions tend to maximize differences between C4 and C3-C4 species.
On the other hand, screening for high 6'3C values may allow for selection of plants possessing the most coordinated C4 photosynthesis. Carbon isotope ratios of the F2 generation from F. brownii x F. linearis varied as much (7.2%o) as the F2 plants from the C3 x C4 Atriplex hybrids (6.9%o) reported by Bjorkman et al. (3) . However, in the Atriplex study 613C values of the F2 generation were all lower than the intermediate value of the F, generation (Fig. IA) indicating metabolism by the C3 pathway. Bjorkman et al. (2) concluded that the lack of C4 metabolism in the hybrids resulted from the complex coordination of anatomical and biochemical characteristics required for C4 photosynthesis. This complex organization was lacking in the F, hybrid and may have been dispersed in the F2 generation because genes for C4 characters may segregate independently. Values of 613C for some individual plants of the Flaveria F2 generation were significantly higher and lower than for the F, generation (Fig. IB) . We conclude that there may be sufficient C4 components in both parental types (F. brownii and F. linearis), that regardless of the segregation of C4 genes, a considerable number of progeny will have enough C4 genes to confer on these plants some ability to fix CO2 via the C4 pathway.
Although parental types were not recovered for leaf anatomy and F in the small F2 population screened, screening of
